Journal  of  Power  Sources  254  (2014)  204-208 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


Short  communication 

Transport  properties  of  UC0PO4  and  Fe-substituted  UC0PO4 

Jan  L.  Allen3’*,  Travis  Thompson  ,  Jeff  Sakamoto  ,  Collin  R.  Becker3,  T.  Richard  Jow3, 
Jeff  Wolfenstine  3 

aU.S.  Army  Research  Laboratory,  2800  Powder  Mill  Road,  Adelphi,  MD  20783-1197,  USA 

b  Michigan  State  University,  Department  of  Chemical  Engineering  and  Materials  Science,  East  Lansing,  MI  48824,  USA 


CrossMark 


HIGHLIGHTS 


•  The  ionic  and  electronic  conductivities  of  dense,  polycrystalline  LiCoP04  and  LiixCoo.9Feo.1PO4  are  measured  and  compared. 

•  LiCoP04  and  Lii  xCoo.9Feo.1PO4  are  predominantly  ionic  conductors  with  relatively  poor  electronic  conductivities. 

•  Li1_xCoo.9Feo.1PO4  has  higher  bulk  ionic  and  electronic  conductivities  than  LiCoP04. 
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LiCoP04  is  a  promising  cathode  material  to  enable  high  energy,  abuse  tolerant  Li-ion  batteries.  However, 
LiCoP04  has  relatively  poor  electronic  conductivity  which  may  be  improved  by  chemical  substitution.  In  this 
work,  the  ionic  and  electronic  conductivities  of  dense,  polycrystalline  LiCoPCU  and  Fe2+/Fe3+-substituted 
LiCoPCU  (Li1_xCoo.9Feo.1PO4)  are  measured  and  compared.  Both  materials  are  predominantly  ionic  conductors 
with  relatively  good  bulk  ionic  and  relatively  poor  electronic  conductivities.  Li1_xCoo.9Feo.1PO4  exhibits  both 
higher  bulk  ionic  and  electronic  conductivity.  The  increased  bulk  ionic  conductivity  of  Li1_xCoo.9Feo.1PO4  is 
believed  to  originate  mainly  from  extra  Li  vacancies  and  the  increased  electronic  conductivity  is  believed  to 
originate  mainly  from  creating  more  mobile  hole  polarons  compared  to  LiCoP04  as  a  result  of  Fe2+/Fe3+ 
substitution. 

Published  by  Elsevier  B.V. 


1.  Introduction 

LiCoP04  is  a  potential  high  energy  (~800  Wh  kg-1),  abuse 
tolerant  cathode  material  for  use  in  Li-ion  batteries  [1  ]  however,  it 
suffers  from  capacity  fade  caused  by  structure  deterioration  and 
electrolyte  decomposition  [2-4].  Recent  advances  through  F e2+/ 
Fe3+-substitution  and  electrolyte  additives  have  now  shown  that 
the  capacity  fade  can  be  significantly  reduced  [5]  thereby  increasing 
interest  in  this  material.  The  substitution  by  Fe  also  significantly 
improves  the  rate  capability  of  LiCoP04  as  shown  by  electro¬ 
chemical  measurements  on  Fe2+/Fe3+-substituted  LiCoP04  [5]  or 
Fe2+-substituted  LiCoP04  [6,7].  Ruffo  et  al.  [8]  also  report  a  signifi¬ 
cant  enhancement  in  conductivity  of  Fe2+-substituted  LiCoP04 
through  transport  measurements,  however,  the  authors  report  that 
the  significant  enhancement  in  their  samples  most  likely  results 
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from  secondary  phases  such  as  carbon  coming  from  the  precursor 
or  phosphides  formed  through  carbothermal  reduction.  There  are 
no  prior  reports  on  the  transport  properties  of  either  carbon-free, 
Fe2+-substituted  LiCoP04  or  on  Fe2+/Fe3+-substituted  LiCoP04 
which  is  the  subject  of  this  paper.  It  is  expected  that  Fe  substitution 
will  increase  the  intrinsic  electronic  conductivity  of  LiCoP04  as 
suggested  by  the  combined  experimental/computational  paper  of 
Johannes  et  al.  [9]  on  the  electronic  structure  of  LiMP04  (M  =  Fe, 
Mn,  Co  and  Ni)  and  its  effect  on  the  polaronic  conductivity.  The 
computations  show  that  the  energy  for  a  polaron  to  move  from  one 
transition  metal  site  to  the  next  is  lowest  for  LiFeP04,  therefore  we 
believe  that  Fe2+  substitution  into  LiCoP04  will  improve  the  elec¬ 
tronic  conductivity  of  LiCoP04.  The  ionic  conductivity  of  LiCoP04  is 
also  expected  to  improve  in  these  samples  owing  to  the  presence  of 
some  Fe3+  (estimated  to  be  ~60%  Fe3+  via  Mossbauer  spectros¬ 
copy)  on  the  Co  or  Li  sites  as  described  in  detail  by  Allen  et  al.  [5].  In 
order  to  maintain  electro-neutrality,  the  Fe3+  on  Li+  or  Co2+  sites  is 
compensated  by  Li  vacancies  which  should  increase  Li+  ion 
mobility.  In  this  paper,  we  will  seek  to  understand  the  improvement 
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in  rate  capability  of  Fe2+/Fe3+-substituted  UC0PO4  (hereafter 
referred  to  as  Li1_xCoo.9Feo.1PO4)  compared  to  LiCoP04  through 
ionic  and  electronic  transport  measurements  on  hot-pressed  sam¬ 
ples  of  near  theoretical  density. 

2.  Experimental 

LiCoP04  was  prepared  via  a  citrate  complexation  route  [5]. 
Co(OFI)2  (Alfa  Aesar),  LiFl2P04  (Aldrich),  and  citric  acid  (Sigma- 
Aldrich),  1,  1.01,  1.02,  molar  ratio,  respectively,  were  dissolved  in 
deionized  water.  This  solution  was  evaporated  to  dryness  via  a 
microwave  oven.  The  resulting  dried  mass  was  ground  lightly  with 
mortar  and  pestle  and  heated  in  air  at  a  rate  of  10  K  min-1  to  873  K 
and  held  at  this  temperature  for  12  h.  Li1_xCoo.9Feo.1PO4  was  pre¬ 
pared  via  nitrate  co-precipitation  [5].  Li1_xCoo.9Feo.1PO4  was  chosen 
based  on  the  fact  it  had  been  shown  to  exhibit  improved  rate 
capability  and  cycling  compared  to  LiCoP04  [5].  Co(OFI)2  (Alfa 
Aesar),  LiH2P04  (Aldrich)  and  FeC204-2H20  (Aldrich),  0.9, 
1.01,0.1  mol  ratio,  respectively  were  dissolved  in  1  M  FINO3  (aq).  The 
resulting  nitrate  solution  was  evaporated  to  dryness  via  a  micro- 
wave  oven  in  a  fume  hood  and  then  heated  under  N2  at  a  rate  of 
10  K  min^1  to  873  K  and  held  at  this  temperature  for  12  h. 

We  chose  hot-pressing  as  the  consolidation  method  for  samples 
in  order  to  obtain  highly  dense  samples.  For  most  polycrystalline 
materials  as  the  density  increases  the  grain  boundary  resistance 
decreases  thus  making  it  in  general  easier  to  determine  the  bulk 
resistance  [10-12].  Alternatively,  one  can  choose  to  measure  the 
conductivity  of  a  single  crystal  in  order  to  obtain  the  bulk  conduc¬ 
tivity.  However,  investigating  polycrystalline  material  is  more  prac¬ 
tical  since  actual  Li-ion  batteries  employ  polycrystalline  material. 

Dense  discs  of  LiCoP04  and  Li1_xCoo.9Feo.1PO4  were  prepared  by 
hot-pressing  of  the  powders  at  1073  K  at  62  MPa  pressure  for  0.5  h 
in  graphite  dies  under  Ar.  Rectangular  parallelepipeds  were  cut 
from  the  disc  perpendicular  to  the  pressing  direction  using  a  low- 
speed  diamond  saw  and  polished  under  mineral  oil  for  density, 
micro-structural  and  electrical  property  measurements.  The  rela¬ 
tive  density  values  of  the  samples  were  determined  by  dividing  the 
bulk  density  determined  from  the  weight  and  volume  by  the 
theoretical  density.  Phase  purity  was  evaluated  using  X-ray  powder 
diffraction.  Data  were  collected  using  a  Rigaku  Ultima  III  diffrac¬ 
tometer  (Cu  Ka  radiation). 

Electrical  conductivity  measurements  were  performed  on  the 
hot-pressed  LiCoPCH  and  Li1_xCoo.9Feo.1PO4  samples  using  the  two 
probe  method.  Pt  was  sputter  coated  on  to  the  top  and  bottom 
surfaces  of  the  specimens.  Electrochemical  impedance  spectra 
(EIS),  0.1  -106  Hz  frequency  range,  100  mV  AC  amplitude,  480- 
680  K  temperature  range  and  DC  Polarization  measurements,  2  V 
bias,  330-620  K  temperature  range  were  obtained  using  a  Solar- 
tron  1260.  The  bulk,  grain  boundary  and  electrode  contribution  to 
the  impedance  were  separated  by  fitting  the  spectra  using  ZView 
(Scribner  Associates,  Inc.).  The  DC  polarization  steady-state  current 
and  2  V  potential  were  used  to  determine  the  resistance  which  was 
converted  to  electronic  conductivity  using  the  specimen 
dimensions. 

The  microstructure  of  the  hot-pressed  LiCoPCU  and  Lii_xCoo.9- 
Feo.iPCH  samples  was  examined  on  fracture  surfaces  using  scanning 
electron  microscopy  (FEI  environmental  SEM).  The  Fe  distribution 
in  Li1_xCoo.9Feo.1PO4  was  investigated  in  the  SEM  using  energy 
dispersive  X-ray  spectroscopy  (EDS)  on  fracture  surfaces  at  an 
accelerating  voltage  of  20  kV. 

3.  Results  and  discussion 

Fig.  1  shows  the  X-ray  diffraction  patterns  of  LiCoP04  (lower) 
and  Li1_xCoo.9Feo.1PO4  (upper)  after  hot-pressing.  The  patterns 
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Fig.  1.  XRD  patterns  of  hot-pressed  UC0PO4  (lower)  and  Li1_xCoo.9Feo.1PO4  (upper). 

confirm  that  a  single  phase  was  prepared  in  each  case.  Represen¬ 
tative  micrographs  of  the  fracture  surfaces  of  hot-pressed  LiCoP04 
and  Li1_xCoo.9Feo.1PO4  are  shown  in  Figs.  2  and  3,  respectively.  From 
SEM  analysis  of  LiCoP04  and  Li1_xCoo.9Feo.1PO4,  a  couple  of  points 
can  be  made.  First,  both  samples  are  dense  and  very  little  porosity  is 
observed  in  agreement  with  the  relative  density  of  ~98%  deter¬ 
mined  from  the  physical  dimensions,  weight  and  the  theoretical 
density  calculated  from  the  crystal  structure.  Second,  no  secondary 
phases  were  observed  at  the  grain  boundaries.  Third,  the  grain  sizes 
are  approximately  4  and  10  microns  for  LiCoP04  and  LiCoo.g- 
Feo.iP04,  respectively.  The  difference  in  grain  size  suggests  that  Fe  is 
affecting  the  materials  diffusion  during  the  synthesis.  Additionally, 
since  bulk  conductivity  is  an  important  parameter  for  determining 
if  a  material  will  make  a  good  Li-ion  battery  cathode,  the  difference 
in  grain  size  highlights  the  importance  to  separate  the  grain 
boundary  resistance  from  the  bulk  resistance  during  the  data 
analysis.  The  grain  size  and  density  data  are  included  in  Table  1. 
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Fig.  2.  Representative  SEM  image  of  a  fracture  surface  of  hot-pressed  LiCoFeP04. 
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Fig.  3.  Representative  SEM  image  of  a  fracture  surface  of  hot-pressed  Lii_x 
Coo.9Feo.1PO4. 

Finally,  preliminary  EDS  of  Li1_xCoo.9Feo.1PO4  confirmed  X-ray 
diffraction  measurements  [5]  that  show  that  Fe  is  in  the  lattice  and 
not  segregated  at  grain  boundaries.  The  EDS  data  is  found  in  the 

Supplementary  material. 

Fig.  4  shows  a  representative  impedance  plot  for  LiCoP04 
recorded  at  678  K.  For  all  samples  of  UC0PO4  and  Li1_xCoo.9Feo.1PO4 
a  similarly  shaped  spectrum  was  observed.  We  measured  the  EIS 
spectra  in  the  temperature  range  480-680  I<  because  below  480  K 
the  total  ionic  conductivity  was  below  the  minimum  current  limi¬ 
tations  of  our  instrument.  It  should  be  noted  that  the  impedance 
studies  by  Rissouli  et  al.  [13]  and  Ruffo  et  al.  [8]  on  LiCoP04  were 
also  conducted  over  a  nearly  similar  temperature  range  as  that  used 
in  this  study.  The  impedance  spectra  for  all  samples  show  a  single 
semi-circle  at  higher  frequency  and  a  straight  line  at  a  slope  of 
approximately  45°  at  lower  frequency.  Since  we  used  Pt  Li-ion 
blocking  electrodes,  the  shape  of  the  curve  represents  a  material 
which  is  predominantly  a  Li+  ion  conductor  with  very  low  elec¬ 
tronic  conductivity  [14,15].  The  equivalent  circuit  used  to  model  the 
impedance  spectra  is  also  shown  on  Fig.  4  and  includes  Rb,  bulk  or 
intra-grain  impedance,  Rgb,  the  grain  boundary  or  inter-grain 
impedance,  CPEgb*  the  grain  boundary  constant  phase  element 
and  CPEeiectrode,  the  sample-electrode  interface  or  dual  layer  con¬ 
stant  phase  element  which  is  physically  attributed  to  charge  build¬ 
up  at  the  Li-ion  blocking  Pt  electrode. 

Several  points  can  be  made  from  Fig.  4.  First,  the  calculated 
value  of  the  capacitance  using  the  frequency  at  the  maximum  point 
of  the  semi-circle  is  shown  on  Fig.  4.  This  capacitance, 
C  =  3  x  10-10  F,  was  calculated  from  Cgb  =  (2tc/R)_1,  using 
/=  1.36  x  104  FIz  and  R  (diameter  of  the  semi-circle)  =  4.51  x  104  Q 
[16  .  This  capacitance  value  is  characteristic  of  a  grain  boundary 
[16  confirming  our  assignment  of  this  semi-circle  to  a  grain 
boundary  phenomenon.  Second,  the  value  of  the  capacitance  at  the 
45°  sloping  line  is  also  calculated  and  shown  on  Fig.  4  using  a 
typical  point,  /  =  0.40  Hz,  Z"  =  1.56  x  104  CL  The  capacitance, 
C  =  2.6  x  10-5  F,  was  calculated  from  Cdl  =  (27r/Z")_1  which  is  the 


Table  1 

Grain  size,  density  and  room-temperature-extrapolated  transport  properties  of  the 
UC0PO4  and  LiT_xCoo.9Feo.1PO4  compounds. 


Composition 

Grain  size,  Density, 

Relative 

°bulk  Li-ion, 

Oelec,  298  K. 

microns  g  mL-1 

density,  % 

298  K.  S  Cm-1 

S  cm-1 

LiCoP04 

4  3.68 

98 

4  x  10-6 

8  X  10  16 

Li1_xCoo.9Feo.1PO4 

10  3.67 

98 

1  x  10“5 

2  x  10~12 

10-3Z'/Q 


Fig.  4.  Representative  impedance  plot  of  LiCoP04  recorded  at  678  K  and  the  equivalent 
circuit  used  to  interpret  the  data. 


equation  applicable  to  a  point  on  the  line  [16,17  .  This  capacitance 
value  is  characteristic  of  a  capacitance  that  can  be  attributed  to  the 
sample-electrode  interface  [16]  confirming  our  assignment  to  this 
phenomenon.  With  our  interpretation  validated,  the  bulk  imped¬ 
ance  value,  Rb  was  taken  from  the  Z!  intercept  at  the  high  frequency 
of  the  semi-circle  and  the  total  impedance,  Rtotai  =  Rb  +  Rgb,  was 
taken  from  the  7!  low  frequency  intercept.  The  values  of  Rb  and  Rgb 
and  the  physical  dimensions  of  the  sample  were  then  used  to 
determine  the  bulk  and  grain  boundary  Li-ion  conductivity  of 
LiCoP04  and  Li1_xCoo.9Feo.1PO4  as  a  function  of  temperature  which 
were  used  to  construct  the  Arrhenius  plots  (Fig.  5).  The  activation 
energy  was  estimated  from  the  slope  of  the  line  in  the  temperature 
range  480-680  K. 
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Fig.  5.  Bulk  ionic  conductivity  of  LiCoP04  and  Li1_xCoo.9Feo.1PO4  as  a  function  of 
temperature.  Error  bars  represent  the  standard  deviation. 
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From  Fig.  5,  several  important  points  can  be  made.  First,  the  bulk 
Li-ion  conductivity  of  Li1_xCoo.9Feo.1PO4  is  higher  at  all  tempera¬ 
tures.  Second,  the  room  temperature  extrapolated  values  are 
1  x  10-5  S  cm”1  and  4  x  1CT6  S  cm-1  for  Li1_xCoo.9Feo.1PO4  and 
LiCoP04,  respectively.  This  can  be  compared  to  the  extrapolated 
room  temperature  ionic  conductivity  value  for  LiCoP04  of 
— 10”8  S  cm-1  and  ~10  14  S  cm-1  from  the  reports  of  Ruffo  et  al. 
[8]  and  Rissouli  et  al.  [13],  respectively.  Third,  the  activation  energy 
for  Li1_xCoo.9Feo.1PO4  (0.13  eV)  is  slightly  lower  than  that  of  LiCoP04 
(0.17  eV).  By  comparison,  Rissouli  et  al.  [13]  and  Ruffo  et  al.  [8] 
determined  an  activation  energy  value  for  LiCoP04  of  0.62  and 
0.51  eV,  respectively.  In  general,  the  reported  conductivity  values  of 
Rissouli  et  al.  13]  and  Ruffo  et  al.  [8]  are  lower,  while  the  activation 
energy  values  are  higher  than  those  observed  in  this  work  and 
suggest  that  the  authors’  values  are  based  on  total  ionic  conduc¬ 
tivity  (bulk  plus  grain  boundary)  and  not  on  bulk  alone.  For 
example,  from  the  data  of  Rissouli  et  al.  [13]  it  is  not  clear  what 
intercept  was  used  from  their  impedance  to  determine  conduc¬ 
tivity.  Inspection  of  the  impedance  plot  from  Fig.  6  of  Ruffo  et  al.  [8] 
shows  a  frequency,  /,  at  the  semi-circle  maximum  of  105  FIz  and  a 
resistance  of  ~1.1  x  104  Q  which  per  Cgb  =  (2TU/R)”1  gives  a 
capacitance  of  ~  1.4  x  10”10  F.  This  capacitance  value  suggests  a 
significant  grain  boundary  component  [16].  Furthermore,  we 
determined  an  activation  energy  of  ~0.64  eV  for  the  total  ionic 
conductivity  in  LiCoPC^,  in  rough  agreement  with  above  values, 
suggesting  that  the  conductivity  values  and  the  activation  energy 
determined  by  Rissouli  et  al.  [13]  and  Ruffo  et  al.  [8]  most  likely 
represent  total  conductivity  and  not  bulk  conductivity. 

Prabu  et  al.  [18]  report  a  room  temperature  ionic  conductivity 
value  of  8.8  x  1CT8  S  cm-1  with  activation  energy  of  0.43  eV  for 
LiCoP04.  Their  impedance  plots  show  a  single  semi-circle  with  a 
sloping  line  at  low  frequency  similar  to  that  shown  in  Fig.  4. 
However,  they  analyze  the  semi-circle  based  on  a  parallel  combi¬ 
nation  of  bulk  resistance  and  bulk  capacitance.  An  estimated 
capacitance  value  where  data  is  available  for  the  semi-circles  gives 
a  capacitance  of  about  4  x  10  11  F.  This  capacitance  value  suggests  a 
grain  boundary  component  [16].  Thus,  explaining  their  lower 
conductivity  and  higher  activation  energy  compared  to  the  present 
results.  In  an  earlier  paper  Prabu  et  al.  [19]  report  a  room 


temperature  conductivity  value  of  ~1  x  10”8  S  cm-1  with  activa¬ 
tion  energy  of  0.48  eV  for  LiCoPC^.  However,  if  one  determines  the 
activation  energy  using  their  conductivity  data  from  Table  1  of  their 
paper  [19]  a  value  of  0.19  eV  is  obtained.  This  value  is  in  good 
agreement  with  the  activation  energy  determined  in  this  study  for 
bulk  Li-ion  conductivity  in  LiCoP04. 

The  extrapolated  room  temperature  ionic  conductivity  for 
LiCoPCH  can  also  be  compared  to  a  value  of  9  x  10  4  S  cm”1  [20] 
determined  from  the  Nernst-Einstein  equation  using  the  Density 
Functional  Theory  (DFT)  calculated  diffusivity  value  reported  by 
Morgan  et  al.  [20].  The  predicted  value  is  ~225  times  higher  than 
the  measured  value  in  this  study.  The  predicted  value  of  Morgan 
et  al.  [20]  can  be  considered  to  be  the  upper  limit  of  ionic  con¬ 
ductivity  since  it  is  calculated  based  on  the  ideal,  defect-free 
LiCoPCH  structure.  In  contrast,  the  LiCoPCH  material  used  in  this 
study  contains  anti-site  defects  (described  below)  which  are  known 
to  reduce  Li-ion  mobility  and  subsequently  lead  to  a  lower  ionic 
conductivity  than  in  the  ideal  defect-free  LiCoP04  [20,21].  Our 
activation  energy  (0.17  eV)  for  LiCoP04  is  also  lower  than  the  DFT- 
predicted  value  of  0.36  eV  for  bulk  Li  diffusion  reported  by  Morgan 
et  al.  [20].  Reasons  for  this  difference  are  not  apparent.  It  may  be 
possible  that  as  LiCoP04  becomes  Li  deficient,  the  activation  energy 
decreases.  Our  LiCoP04  material  most  likely  contains  some  non- 
stoichiometric  defects  (e.g.,  oxygen  vacancies  or  Co3+)  leading  to 
a  Li  deficient  material.  This  suggestion  is  in  agreement  with  the  DFT 
calculations  of  Morgan  et  al.  [20]  who  predict  a  value  of  the  acti¬ 
vation  energy  of  0.11  eV  for  low  lithium  content  cobalt  phosphate 
(U0.125C0PO4).  To  confirm  this  suggestion,  DFT  calculations  are 
needed  at  more  Li  values  and  a  detailed  characterization  of  the 
experimental  LiCoPCH  at  various  Li  deficiencies  is  required. 

In  order  to  understand  the  higher  bulk  ionic  conductivity  of  Fe- 
substituted  LiCoPCH,  we  briefly  consider  anti-site  defects,  lattice 
volume  and  the  presence  of  Li+  vacancies.  First,  we  can  rule  out 
differences  in  the  presence  of  anti-site  defects  such  as  Fe  or  Co  on 
the  Li  site  which  would  block  Li-ion  conduction  in  these  1- 
dimensional  conductors  and  thereby  lead  to  differences  in  the  ionic 
conductivity.  As  shown  by  Allen  et  al.  [5]  through  Rietveld  analysis 
of  X-ray  diffraction  data,  the  percent  anti-site  disorder  on  the  Li  site 
for  LiCoP04  and  Li1_xCoo.9Feo.1PO4  are  equal  at  ~  1.4  ±  0.5%  for  both 
samples.  Thus,  the  difference  in  ionic  conductivity  does  not  result 
from  a  difference  in  the  anti-site  (Fe  or  Co  on  the  Li  site)  concen¬ 
tration.  On  the  other  hand,  the  lattice  volumes  do  vary  between  the 
two  samples,  283.39(1)  and  283.60(1)  A  for  LiCoP04  and  LiCoo.g- 
Feo.iP04,  respectively  [5],  consistent  with  the  larger  unit  cell  vol¬ 
ume  of  LiFeP04  relative  to  LiCoP04.  The  increased  unit  cell  might 
enhance  the  mobility  of  the  Li+  ion.  However,  it  is  believed  that  the 
presence  of  some  Fe3+  which  creates  Li+  vacancies  is  most  likely  the 
predominant  difference  that  results  in  higher  bulk  ionic  conduc¬ 
tivity  for  Li1_xCoo.9Feo.1PO4  relative  to  un-substituted  LiCoP04.  The 
predictions  of  Morgan  et  al.  [20]  further  support  this  viewpoint.  The 
Li+  ion  diffusivity  of  Lio.i2sCoP04,  with  almost  90%  Li  deficiency,  was 
calculated  to  be  4  orders  of  magnitude  higher  than  LiCoP04.  In  our 
case,  we  have  only  a  few  percent  vacancies  [5]  so  the  effect  on  the 
ionic  conductivity  is  much  less. 

To  determine  the  electronic  conductivity  of  LiCoP04  and 
LiCoo.9Feo.1PO4,  DC  polarization  was  undertaken.  Fig.  6  is  a  typical 
example  of  the  DC  polarization  behavior.  It  can  be  seen  that  there  is 
a  typical  exponential  decay  of  the  current  with  measurement  time. 
The  electronic  conductivity  was  estimated  from  the  steady  state 
current  [22-24].  The  measurements  were  done  at  elevated  tem¬ 
perature  owing  to  the  low  electronic  conductivity  of  the  sample 
and  the  current  measurement  limitation  of  our  instrument.  From 
the  DC  polarization  measurement  as  a  function  of  temperature  and 
the  physical  dimensions  of  the  samples,  an  Arrhenius  plot  of  the 
electronic  conductivities  was  constructed. 
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Fig.  7  shows  the  electronic  conductivity  of  UC0PO4  and  Lii_x_ 
Coo.9Feo.1PO4  as  a  function  of  temperature.  From  Fig.  7,  several 
important  points  can  be  made.  First,  the  electronic  conductivity  of 
Li1_xCoo.9Feo.1PO4  is  higher  than  that  for  LiCoP04  at  all  measured 
temperatures.  The  room  temperature  electronic  conductivities 
were  found  by  extrapolation  to  be  8  x  10~16  and  2  x  10-12  S  cm-1 
for  LiCoP04  and  LiCoo.9Feo.1PO4,  respectively.  The  introduction  of  Fe 
into  LiCoP04  does  increase  the  electronic  conductivity  4  orders  of 
magnitude,  confirming  predictions  from  DFT  calculations  [9].  The 
room  temperature  value  for  LiCoP04  can  be  compared  to 
9  x  10-11  S  cm-1  reported  by  Tadanaga  et  al.  [2].  Reasons  for  the 
difference  between  the  two  studies  are  not  known.  No  details  were 
given  on  how  the  DC  conductivity  was  determined  by  Tadanaga 
et  al.  [2].  No  values  exist  for  electronic  conductivity  of  Lii_xCoo.g- 
Feo.iP04  at  room  temperature.  The  electronic  conductivities  of 
LiCoP04  and  Li1_xCoo.9Feo.1PO4  are  7-9  orders  of  magnitude  lower 
than  the  bulk  ionic  conductivities.  Thus,  these  materials  are  ioni- 
cally  conducting,  electronically  insulating  materials.  Secondly,  the 
activation  energies  for  electronic  conductivity  were  found  to  be 
0.97  and  0.58  eV  for  LiCoP04  and  LiCoo.9Feo.1PO4,  respectively.  The 
lower  activation  energy  for  Li1_xCoo.9Feo.1PO4  compared  LiCoP04  is 
also  in  agreement  with  the  DFT  predictions  [9].  Since,  no  activation 
energy  values  for  electronic  conductivity  of  LiCoP04  and  Lii_x_ 
Coo.9Feo.1PO4  have  been  published  these  can  be  best  compared  to 
the  activation  energy  for  electronic  conduction  in  LiFeP04  [25] 
where  values  range  from  0.30  to  0.70  eV  [25,26],  1.1  eV  for 
LiMnP04  [26]  and  0.53  eV  for  LiFeo.45Mn0.55P04  and  LiFeo.25- 
M110.75PO4  27].  The  activation  energy  for  electronic  conductivity 
for  LiCoP04  and  Li1_xCoo.9Feo.1PO4  is  in  agreement  with  other 
phospho-olivines  where,  the  electronic  conductivity  is  controlled 
by  polarons  [25-28].  Fortunately,  the  low  electronic  conductivity 
can  be  remedied  by  adding  carbon  through  carbon  additives  or 
carbon  coating  the  samples  as  has  been  used  for  the  case  of  LiFeP04 
[26,29].  For  example,  Wolfenstine  et  al.  [30  reported  that  the 
electronic  conductivity  of  LiCoP04  could  be  increased  from 
<10-9  S  cm-1  (below  their  instrumental  limitation)  to  10-4  to 
10-5  S  cm-1  by  the  addition  of  carbon. 
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Fig.  7.  Electronic  conductivity  of  LiCoP04  and  Lii_xCoo.9Fe0.iP04  as  a  function  of 
temperature.  Error  bars  represent  the  standard  deviation. 


4.  Conclusion 

The  ionic  and  electronic  transport  properties  of  LiCoP04  and 
Li1_xCoo.9Feo.1PO4  Li-ion  battery  cathode  materials  were  evaluated. 
Both  materials  are  predominantly  ionic  conductors  with  relatively 
good  bulk  ionic  conductivities  of  4  x  1CT6  and  1  x  10-5  S  cm-1  and 
relatively  poor  electronic  conductivities  of  8  x  1CT16  and 
2  x  10~12  S  cm-1,  for  LiCoP04  and  Li1_xCoo.9Feo.1PO4  respectively. 
The  introduction  of  Fe  into  the  LiCoP04  structure  improves  both  the 
electronic  and  bulk  ionic  conductivity  compared  to  LiCoP04.  Thus  as 
expected,  Li1_xCoo.9Feo.1PO4  is  a  higher  rate  capable  material 
compared  to  LiCoP04.  The  relatively  good  bulk  ionic  conductivity 
combined  with  an  electronically  conductive  coating  such  as  carbon 
makes  Li1_xCoo.9Feo.1PO4  a  promising  Li-ion  battery  cathode  mate¬ 
rial  owing  to  the  expected  high  energy  density  and  abuse  tolerance. 
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